Abstract: Pulse width modulation (PWM) has been widely employed in voltage source converter (VSC) due to its superior output waveforms. PWM types are generally grouped into continuous (CPWM) and discontinuous (DPWM). Each has its own performance characteristic, which contrasts from the other. CPWM has lower total harmonic distortion (THD) compared with DPWM at the same value of carrier frequency. However, DPWM has lower switching losses compared with CPWM in a similar condition. Concerning power quality issue, reduction in THD injected into the grid is necessary to fulfill the standard harmonic requirement. The reduction in converter losses could help reduce thermal stress on power switches and reduce the size of heat sink, thereby aiding the design of compact power converters. In VSC based doubly fed induction generator (DFIG), applying PWM techniques for both line side converter (LSC) and machine side converter (MSC) can affect overall performances of the system. The performances are different depending on four possible PWM combinations. This paper compares four combinations of PWM techniques through conceptual discussion and based on simulation results. The results show that each combination has its own performance advantages which can give an idea on designing DFIG controller based on desired objectives.
INTRODUCTION
Doubly fed induction generators (DFIGs) are widely used in wind generation. It includes an induction generator with slip ring, voltage source converter (VSC) and a common dc link capacitor. The VSC has two main parts; line side converter (LSC) and machine side converter (MSC). VSC equipped with self-commutated IGBTs is popular in the applications of DFIG based WT. The control of IGBTs in these converters is employed by pulse width modulation (PWM) to achieve variable voltage and variable frequency output from a fixed dc bus voltage. The highest line voltage possible for a given dc bus voltage depends on the PWM technique used. PWM techniques also influence the total harmonic distortion (THD) in the line current and strongly impact the converter switching losses. Depending on the carrier frequency, three practical cases can be distinguished which create different performances level of the PWM technique (explained in the next section).
In DFIG based WT, harmonics can be produced by LSC and MSC and injected into the grid during rotor speed operation whether in sub-synchronous speed, super-synchronous speed or synchronous speed. Harmonics flowing in distribution networks downgrade the quality of electrical power. This can have a number of negative effects on operation of all electrical equipment like switchgear, relays that are the guards of power system, measurement equipment, and rotating machinery. The performance of DFIG based WT and its power quality is assessed according to the national and international standard.
Although power quality is the main issues in power system network, not less of power utility companies are also concern about economical issue since the development in large scale wind generation system become increasing rapidly. In VSC based WT, one of possibility in reduction of production cost is designing compact power converters with a small size of heat sinks. This can be achieved with right selection of PWM technique with low switching losses which helps to reduce the thermal stress of switching devices of the power converters. The thermal stress reduction also will improve the lifetime of the switching devices and avoids earlier power cycling failures. PWM technique with low switching losses is also needed for improvement in the permissible output current at MSC as well as increasing the reactive power capability of the DFIG around synchronous operation point, Engelhardt et al. (2011) .
This paper analyzed the current THD and switching losses performances of DFIG based WT using various PWM techniques at the same carrier frequency over a variety of rotor speeds. Four combinations of PWM types for the LSC and MSC are applied and its results are compared. The analysis results gave an idea on selecting which type of PWM to be implemented that could obtain optimal performances of DFIG with less current THD and less switching losses.
PWM REVIEW
Over the years, several PWM techniques have been developed and these can be generally classified into continuous PWM (CPWM) and discontinuous PWM (DPWM) types. The classification is based on the waveform of modulating signal, where in DPWM the modulating signal is clamped to the dc link for one third of fundamental period. The difference between CPWM and DPWM also can be seen in the generated switching instants which reduced one third for DPWM as shown in Fig. 1 . Fig. 1 . Switching instants of CPWM and DPWM.
Examples of CPWM types are including sinusoidal PWM (SPWM), sinusoidal third harmonic injection PWM (STHIPWM) and triangular third harmonic injection PWM (TTHIPWM). While DPWM types are including DPWM0, DPWM1, DPWM2, DPWM3, DPWMMAX and DPWMMIN. Fig. 2 shows the modulating signal of TTHIPWM, DPWM0, DPWM1 and DPWM2. As shown in the figure, the modulating signal (blue color) for DPWM types is clamped to the upper and lower of the dc link (±1.0 p.u.) with total clamped period one third of the fundamental period. Switching instants of both CPWM and DPWM types can be produced either by triangle intersection (also called carrier based) technique or direct digital (also called space vector modulation) technique. In triangle intersection technique, three phase modulating signals are compared with a common triangular carrier signal. In this way, the logical signals are generated, which define the switching instants of power converter. Fig. 3 shows the block diagram of the triangle intersection technique. The variety of modulating signals (except for SPWM) is produced by adding different waveform of zero sequence signal (ZSS) to the fundamental signal. The ZSS is the third harmonic whose frequency is three times that of the fundamental. In DPWM, adjusting modulation phase angle ψ from the intersection point of the two fundamental signals (as shown in Fig. 2 ) changing ZSS and modulating signal which given as ψ=0 for DPWM0, ψ=π/6 for DPWM1 and ψ =π/3 for DPWM2. Other PWM types are presented by Hava et al. (1989) . SPWM is the only PWM type without ZSS injection. Adding ZSS to the fundamental signal increase the converter output voltage for about 15.5% compared to that of SPWM. Some researchers have found a negative effect due to this voltage increasing, which will be discussed in the next section. However, in this study adding ZSS within CPWM types is necessary for a better THD performance above modulation index of 0.3. While in DPWM types, adding ZSS produced superior switching losses performance over the entire modulation index. In direct digital technique, the time lengths of the converter states are pre-calculated for each carrier cycle by employing space vector theory as illustrated in Fig. 4 . The reference voltage vector u C is realized by the sequential switching of active and zero states. Presented in Fig. 4 , u C can be implemented by the active states of u 1 , u 2 , and zero states u 0 , u 7 . The reference voltage vector is sampled with the fixed clock frequency (where T S is sampling time), and next a sampled value is u C (T S ) is used for calculation of time t 1 , t 2 , t 0 and t 7 . The times t 1 and t 2 are obtained from simple trigonometrical relationships and can be expressed in the following equations: 
After calculation of t 1 and t 2 , the residual sampling time is reserved for zero states u 0 , u 7 .
The equations for t 1 and t 2 are identical for all PWM types. The only difference between the CPWM and DPWM types are the placement of zero states at the sampling time. In CPWM type the placement of zero states is at beginning and ending of the sampling time. Two of the six active states are applied between the two zero states. The various CPWM types essentially differ in terms of the ratio of partitioning of the total zero state time between the two zero states. In DPWM type, only two phases switch in one sampling time, and only one zero state is used.
The performance of CPWM and DPWM can be distinguished by three practical cases which depending on the carrier frequency value, Hava et al. (1989) .
A. Constant carrier frequency: DPWM has an average switching frequency that is two thirds of the carrier frequency. For all DPWM types, the switching losses are lower than that of CPWM. The best reduction in switching losses is 50% when a phase is clamped around the peak of phase current. However, the THD is higher than that of CPWM over the entire modulation range.
B. Constant average switching frequency: The carrier frequency of DPWM is selected as 1.5 of CPWM carrier frequency. In general, the THD of DPWM is lower than CPWM at modulation index above approximately 0.65, however the switching losses of DPWM is half reduced with maximum 25%.
C. Constant switching losses (at -30° ≤ φ ≤ 30°): The carrier frequency of DPWM is selected as 2.0 of CPWM carrier frequency. The THD of DPWM and CPWM are almost the same level at modulation index below approximately 0.25 and the THD of DPWM become superior to that of CPWM above approximately 0.25.
DFIG BASED WIND TURBINE
A schematic of a DFIG based wind turbine (WT) system is shown in Fig. 5 . DFIG is based on a wound rotor induction machine. The three-phase rotor windings are supplied with a voltage of controllable amplitude and frequency. The speed can be varied while the operating frequency on the stator side remains constant. The MSC and LSC of the DFIG are controlled in a dq reference frame. The LSC maintain dc voltage and provide reactive current support for optimization of reactive power sharing of MSC and LSC during steady state. The MSC control active and reactive power of the DFIG and follows a tracking characteristic to adjust the generator speed for optimal power generation depending on wind speed. Fig. 6 shows the power tracking curve of the DFIG based WT and used in this simulation.
Variable speed operation in the DFIG tracking curve effects higher power output from the wind. The direction of the power flow through the converters depends on the operating point of the generator. In the sub-synchronous operation mode, the stator of DFIG supplies power to the grid and also the slip power to the rotor via the slip rings and the power converter. In the super-synchronous operation mode, both the stator output power and the rotor slip power are fed into the grid. At full load, the active power passing through the converter amounts to roughly 25% of total power, while the speed range is approximately ±33% around synchronous speed. The block diagram of LSC and MSC control structure is explained detail by Feltes et al. (2008) . Applying PWM type with ZSS in DFIG based WT has to take into account a negative effect to the generator. Increasing in the average three phase output voltages (also called common mode voltage) of the converter leads to a problem like bearing damages in the generator. The common mode voltage which transferred from MSC to the rotor side can contain tremendous overshoots that causes an up rise of bearing currents. This effect could be reduced by using filtering strategies, however required additional space and causes higher cost. Another preferable solution is by using optimized modulation strategies with sequentially positioned pulse, Zitzelsberger et al. (2005) . Since this study is focusing on the comparison between the current THD at grid side and the converter switching losses, the effect of common mode voltage to the generator is not further analyzed. Implementing PWM with the three cases (explained in section 2) into DFIG based WT has to take into account some considerations. In the first case, the difficulty in selecting which PWM type has to be used for optimal performances of both switching losses and THD are the main concern. The harmonics at rotor side also has to be considered when applying DPWM at modulation index between 0.18 and 0.9, which could inject harmonics with maximum three times higher than CPWM. For the second case, the LC filter design has to consider resonant frequencies for both PWM types, which could cause additional cost. In the third case, switching losses performance is not been considered anymore, thus not reliable for cost reduction of power converter.
In this study, the first case with constant carrier frequency of 2250 Hz is been chosen for the simulation. This case is been considered to have the DFIG with the maximum switching losses performance. With this condition, the LC filter at LSC side is designed with resonant frequency at the same value of carrier frequency and its double.
PERFORMANCE INDEXES

Total harmonic distortion (THD)
The generation of current harmonics into the grid by both LSC and MSC is measure to asset the power quality aspects. The power system harmonic distortion can be quantified by the total harmonic current distortion (THD), which is defined as: Where I h is the rms current harmonic of harmonic order h and I l is the rms current of the fundamental component. In this simulation, the current THD is measured at low voltage grid (LV) and the measurement point is shown in Fig. 5 .
The harmonic current waveform and its rms value is unique for each PWM types and modulation index value. With fixed load impedance and carrier frequency, CPWM type has superior THD than DPWM type over the entire modulation range.
Switching losses
The switching losses of PWM-VSC are load current dependent and increase approximately linear with the current magnitude. For all CPWM types, the switching losses are the same and independent of the load current phase angle. However, for DPWM types, the switching losses are significantly influenced by the modulation types and load power factor angle. Assuming the converter switching devices have linear current turn-on and turn-off characteristics with respect to time and accounting only for the fundamental component of the load current, the average value of the switching losses over the fundamental cycle can be derived as below:
Where i is the load current, t on is the turn-on time, t off is the turn-off time and u DC is the dc voltage.
Assuming steady state operation where the currents are practically sinusoidal, the equation (5) is the function of the load power factor angle and the current magnitude. Thus, the power factor angle φ enters the formula as the integral boundary term. For CPWM which is φ independent, the switching losses value can be derived as:
Where i max is the load current maximum value. Normalizing p SWloss to p SWloss_CPWM , the switching loss function (SLF) of DPWM type can be expressed as below:
The SLF of CPWM types is unity. The SLF for DPWM types can be calculated with (8) which is modulator phase angle ψ and power factor angle φ dependent.
The SLF of DPWM0, DPWM1 and DPWM2 can be calculated by substituting ψ=0, ψ=π/6 and ψ=π/3 respectively. Fig. 7 shows the SLF of TTHIPWM, DPWM0, DPWM1 and DPWM2. Depend on the power factor angle, the switching losses of PWM types shown different values. For example, at φ=0 the DPWM1 has the lowest switching losses while having the worst at φ=90°. 
SIMULATION
The simulations presented here have been carried out with MATLAB/Simulink with SimPowerSystems Toolbox in the time domain based on instantaneous values. The investigated DFIG based WT has a capacity of 2 MW and is connected to the high voltage grid. Three-phase winding of the machine is assumed sinusoidal and hence there are no MMF space harmonics and slot harmonics. The simulation results are shown in Fig. 8 and Fig. 9 . 
Current THD
Harmonic study simulations were performed to evaluate the current harmonics injected into the grid by the converters modulation. The analysis considers a steady state operation during rotor speed operation of 0. 70, 0.78, 0.86, 0.93, 1.00, 1.07 and 1.15 (in p.u. value) which is corresponding to the generated active power of 0. 05, 0.08, 0.12, 0.16, 0.20, 0.38 and 0.90 (in p.u. value) , respectively. These values are according to Fig. 6 . TTHIPWM is been chosen as one type of continuous PWM due to its superior performance in THD among the CPWM types while DPWM1, DPWM0 and DPWM2 are been chosen among discontinuous PWM types which have superior switching losses at 0°, -30° and 30° power factor angle, respectively. The measurement of current THD (phase a) is taken at LV grid using standard MATLAB/Simulink tool of Fast Fourier Transform (FFT). The results are shown in Fig. 8 . The corresponding generated active powers are also included in the x axes for better understanding.
When comparing the current THD between DPWM1, DPWM0 and DPWM2, it shows almost the same level. Later, these three PWM types are generalized as DPWM. TTHIPWM for LSC and MSC produced the lowest current THD while DPWM for LSC and MSC produced the highest current THD at all operation points. Applying either TTHIPWM or DPWM for MSC did not result a large different during synchronous and super-synchronous speed. However, during sub-synchronous speed TTHIPWM has to be applied for LSC and MSC.
The simulation results show that the injection of current harmonics into the grid is depending on the waveform quality. At lower rotor speed where the magnitude of rotor current is low, the waveform quality is the worst causing high current THD at the grid. Selecting TTHIPWM for LSC and MSC at this operation condition reduced the generation of current harmonics. At higher rotor speed, the generation of current harmonics is not as much as during lower speed operation. Thus, selecting either TTHIPWM or DPWM for both converters produced less current THD which is still lower than 8% limit required by the standard EN61000-2-4.
Switching losses
High switching losses of power converters lead to high thermal stress of IGBTs and influence the converters efficiency. In this simulation, the impact of four PWM combinations in DFIG to the switching losses is compared. Same as in current THD study, TTHIPWM, DPWM1, DPWM0 and DPWM2 are been chosen and simulated in the same conditions. The turn-on and turn-off energy losses of IGBT and diode are referred from Semikron datasheet, SKiiP2414GB17E4-4DUW, Semikron (2000) . Fig. 9 shows the total switching losses of both MSC and LSC over the fundamental cycle at corresponding operation points.
Simulations results show that DPWM for LSC and MSC produced the lowest switching losses while TTHIPWM for LSC and MSC produced the highest switching losses at all operation points. Since the ratio of LSC current over rotor current is small and LSC frequency is significantly larger than MSC frequencies, applying either TTHIPWM or DPWM for LSC did not show a large different. The switching losses is mainly depend on the rotor current magnitude, thus at higher speed operation, the switching losses is high and reducing proportional with speed reduction.
Switching losses are also power factor dependent. The rotor power factor is varying over the rotor speed operations. When comparing with TTHIPWM, applying DPWM0 during sub-synchronous speed produced the highest switching losses reduction with maximum approximately 50%. However, it produced the lowest switching losses reduction during supersynchronous speed. While applying DPWM2 during supersynchronous speed produced the highest switching losses reduction with maximum approximately 50%. However, it produced the lowest switching losses reduction during subsynchronous speed. DPWM1 reduced the switching losses with maximum approximately 43% at both sub-synchronous and super-synchronous speed operations.
CONCLUSION
Selecting CPWM for LSC and MSC significantly produced the lowest current THD injected into the grid at entire speed range of DFIG. When considering on compact design of power converters and improvement in reactive power capability, selecting DPWM for LSC and MSC is preferable. This analysis results gave an idea on selecting which type of PWM to be implemented for LSC and MSC that could obtain optimal performances of DFIG. One suggestion is to use a simple control algorithm for PWM type selection. With this control algorithm, CPWM is apply for LSC and MSC during sub-synchronous speed while CPWM is apply for LSC and DPWM is apply for MSC during super-synchronous speed. Thus, DFIG will have the optimal performances with less current THD and less switching losses over the entire speed operation.
